We report a simple but efficient nanofabrication method to create a dense (nanoscale pitch) array of silicon nanostructures (post and grate) of varying height and shape over a large sample area. By coupling interference lithography with deep reactive ion etching (DRIE) in one process flow, we achieved silicon nanostructures of excellent regularity, currently with a pitch (i.e., period) of 230 nm, and uniform coverage, currently over 2 × 2 cm 2 . The new nanofabrication practice of coupling interference lithography with DRIE not only simplified the nanofabrication process but also produced high-aspect-ratio (higher than 10) nanostructures. By regulating etching parameters, the nanoscopic scalloping problem typical in Bosch DRIE was not only controlled but also utilized to realize sophisticated sidewall profiles, such as tips with a pointed or a re-entrant profile. We showed the tips could be further sharpened by thermal oxidation and subsequent removal of the oxide. Well-defined nanostructures over a large area with controllable sidewall profiles and tip shapes open new application possibilities in areas beyond nanoelectronics, such as microfluidics and tissue engineering.
Introduction
As scientific quests and engineering applications delve down to a nanometre scale, there is a strong need to fabricate nanostructures with good regularity and controllability of their pattern, size, and shape. In many applications, furthermore, the nanostructures are not useful unless they cover a relatively large area and the manufacturing cost is within an acceptable range. While numerous nanostructures, made by several nanoscale patterning techniques, have been reported in the literature [1] , most involve a serial method such as electronbeam (e-beam) or scanning probe lithography, covering only a small area (typically less than 1 mm 2 ). Parallel x-ray lithography can pattern a large area, but it is too expensive for most applications. Soft lithography-based fabrication methods, 1 Author to whom any correspondence should be addressed. such as nanoimprinting, replicate patterns in a parallel fashion but need a master mould first manufactured by e-beam or x-ray lithography. Most non-lithographic methods, such as the use of nanotemplates constituted by self-assembly (e.g., copolymers) or the direct growth of nanostructures (e.g., carbon nanotubes), lack the regularity some applications demand over a large area. Currently, interference (or holographic) lithography is considered the most efficient way to make submicronscale periodic patterns over a large area with superior control of pattern regularity [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . It uses simple and relatively inexpensive optics to generate uniform interference patterns such as lines and dots on a substrate without any photomask. Because of the periodic nature of interference lithography, many useful patterns and structures such as optical gratings [12, 13] or field emitter arrays [14] [15] [16] [17] have been fabricated. However, it should be noted that to transfer the lithography pattern into the substrate for tall structures (i.e., over 100 nm for high-aspect-ratio nanostructures), the thin photoresist (PR) (typically tens of nanometres) needs to be replaced by a hard etch mask, such as metal [2, 5, [14] [15] [16] or oxide [6, 13] , before the subsequent deep etching.
Since the added mask steps make the process more complex and degrade the pattern resolution, we develop in this paper a means of coupling the interference lithography directly with deep reactive ion etching (DRIE) while retaining the traits of both techniques. Noting that DRIE has a very high etch selectivity for silicon over PR (e.g., ∼75:1) [18] , our approach is to utilize the thin PR patterns resulting from the interference lithography directly as the DRIE etch mask, improving the accuracy of the pattern transfer and greatly simplifying the nanofabrication process. For the DRIE step, a Bosch process (as opposed to a cryogenic process) [19] is adopted because of its wide availability. Commonly used to etch deep trenches with vertical sidewalls in microscale MEMS fabrication, the Bosch DRIE has rarely been used to construct nanostructures because the well-known effect of sidewall rippling, or so-called 'scalloping', is intolerably prominent on the nanoscale. In this paper, we control the scalloping effect through the etching parameters in the process recipe and utilize it to obtain various sidewall profiles for the nanostructures, such as a positively tapered or a re-entrant profile. We also demonstrate that the tips of such nanostructures can be further sharpened by a simple additional process of silicon oxidation and removal of the oxide.
Materials and methods

Lloyds mirror interference lithography system
For interference lithography, a simple 'Lloyds mirror' configuration [11] is used in this study (see figure 1) . A He-Cd laser beam operating at a wavelength of 325 nm is expanded and spatially filtered through a pinhole in order to be coherent. The coherent beam is collimated and aligned toward a mirror and a substrate holder forming a 90
• dihedral angle. It inscribes the periodic line pattern of interfered light intensity on a PR-coated substrate. A line pitch p is determined by p = λ/(2 sin θ), where λ and 2θ are the wavelength of light and the angle between the directly incoming and the mirror-reflected lights, respectively. While variations of the line period are possible by rotating the sample stage to change the angle θ , we set the angle θ to be 45
• , which produces p = 230 nm. While nanograte structures are produced from [18, 20] , appear on the walls due to the isotropic nature of the etch. The nanoscale scalloping effect is controlled and utilized for sidewall profile and tip sharpness control in our nanostructure fabrication. a During the entire series of cyclic steps, the pressure is set to be 23 mTorr, and the substrate is cooled with helium to keep a constant temperature of ∼20 • C. b RF1 is the power of reactive ion etch (RIE) generator, capacitively coupled to a wafer chuck to independently bias the substrate. The power of the inductively coupled plasma (ICP), generating very dense plasma near the top of the electrode, is set to be 825 W.
the line pattern of the PR, nanoposts require a dot pattern of the PR. Such PR dots in a grid array are obtained by two successive exposures with the substrate rotated by 90
• in its plane between the exposures.
Bosch deep reactive ion etching (DRIE)
For DRIE etching, we use a PlasmaTherm SLR770 ICP etcher (Unaxis Corporation, St Petersburg, FL). Although several parameters in DRIE, such as pressure, RF power, and gas mixture, influence the sidewall profile [18] [19] [20] [21] [22] , the relative duration of etching time versus deposition time in the cyclic Bosch process is easier to control with reproducibility and thus exclusively investigated in this paper. Starting from our initial presentation [23] , the total number of etch cycles is systematically varied to obtain different aspect ratios of nanostructures and to observe its interactive effect on the sidewall profile. The etching procedures and parameters used in the cyclic steps of the Bosch process are shown in figure 2 and summarized in table 1, respectively. One etch cycle consists of two consecutive etch steps of 'Etch A' and 'Etch B' and one 'deposition' step. The control parameter is the etching time of Etch B, while the other parameters are fixed. Figure 3 shows the overall fabrication process of making silicon nanostructures by interference lithography combined with DRIE. A polished silicon substrate (2 × 2 cm 2 ) is cleaned with a Piranha solution (H 2 SO 4 :H 2 O 2 , 3:1 by volume) and dehydrated for 10 min at 150
Fabrication process of nanostructures with sidewall profile and tip sharpness control
• C. SPR3001 PR (Shipley Company, Marlborough, MA) is then spin-coated at 5000 rpm for 1 min, which gives ∼50 nm film thickness. After the spin-coating, a soft-bake is done at 95
• C for 1 min on a hot plate. The substrate is then exposed under a laser interference lithography setup for the estimated time necessary to obtain the appropriate exposure dose, and developed by MF701 developer (Shipley Company) for 20 s. After the development, the substrate is rinsed with deionized water and blown dry with N 2 gas followed by a 1 min hard-bake at 110
• C on a hot plate. The patterned PR is scanned by an atomic force microscope (AFM) to assess successful development. The substrate is then etched by DRIE using the patterned PR as an etch mask. After the DRIE, the remaining PR is removed by O 2 plasma etching and the sample is cleaned with the Piranha solution. Two means are shown in figure 3 to obtain nanostructures with different sidewall profiles: one with a re-entrant profile on top and the other with a regular positive slope. If needed, the tips of the nanostructures with regular positive slope are sharpened by the oxidation of silicon and the subsequent removal of silicon dioxide. 
Results and discussion
PR nanopatterns by interference lithography and nanoscalloping in Bosch DRIE
Figure 4(a) shows an example of the PR nanodot patterns created by interference lithography. By using the Lloyds mirror interference lithography system (θ = 45
• , see figure 1 ), the regular PR pattern of 230 nm periodicity and ∼20 nm thickness was obtained uniformly over the sample area (2 × 2 cm 2 ), measured by an AFM after the development. Figure 4(b) shows an example of silicon nanopost structures etched by Bosch DRIE (six-cycle etch with 4 s in Etch B; see table 1) using the PR pattern of figure 4(a) as a direct etch mask layer. Regular silicon nanostructures with less than 10% deviation in size and shape were obtained over the sample (e.g., 500 ± 41 nm in height, 50 ± 4 nm in width (diameter of the scalloped neck), and 28 ± 3 nm in scallop size (sidewall's peak-tovalley height) in the case of the sample of figure 4(b) ; the values are mean ± standard deviation calculated from four cross-sectional SEM images taken from four different locations over the sample). High-aspect-ratio (e.g., higher than 10) nanostructures achieved by the Bosch DRIE with the thin (e.g., ∼20 nm thick) PR pattern directly from the interference lithography confirm that the new approach makes the process of regular nanostructure fabrication over a large coverage area simple and practical, even for the high-aspect-ratio nanostructures. However, it should be noted that nanometrescale scallops were formed on the sidewalls due to the sequence of etches (i.e., Etch A and Etch B) and the passivation (i.e., deposition) alternating in the cyclic Bosch process. Although the nanostructure fabrication was attainable with the initially chosen etch condition (i.e., 4 s in Etch B), the nanoscalloping effect undermines the nanostructures' mechanical robustness and is undesirable in typical applications.
Control of nanoscalloping
To control the nanoscalloping effect on the sidewall, the relative duration of etch time versus passivation time in the cyclic Bosch process was regulated as summarized in table 1. Figure 5 shows the various sidewall profiles of nanopost structures depending on the Etch B time and the total number of etch cycles. In figure 5 was proportionally increased so that the total etching times by Etch B remained the same in a given column (i. account along with the scalloping effect for the sidewall profile control.
Candlestick-like nanostructures
Next, we investigated whether an intricate sidewall profile could be achieved as desired by planning the degree of the nanoscalloping locally. For example, figure 6 shows sidewall profiles programmed to be re-entrant or 'candlestick-like' (i.e., negative right near the top but positive on the rest of the nanoposts below). The degree of the re-entrance was controlled by the first scalloping size of the Bosch process. The Etch B time of only the first cycle was increased from 4 s to 6, 8, and 10 s, while the Etch B time of the subsequent cycles was fixed at 2 s. As the Etch B time of the first cycle increased, the scalloping at the beginning (i.e., tip of the nanostructures) became more pronounced and produced a re-entrant (i.e., negative) profile. Below the tip region, the sidewall profile made by a shorter Etch B time (2 s) became positive, which is important to keep the overall nanostructures robust. For a given void fraction under the surface, nanostructures with a re-entrant profile provide a less open and more flat area on the surface than simple profiles do. One use of such a reentrant profile would be to produce monolithic nanochannels by sealing the top of the nanograting structures with a thinfilm coating. Three-dimensional nanostructures including the re-entrant sidewall profile are also desirable in several applications, such as T-gates for microwave transistors, wave modulators for nanooptics, and various nanoelectromechanical systems (NEMS). With conventional techniques used to create three-dimensional features, multiple lithography steps with precise alignment or a single lithography step with multi-layer resists (or multi-step post-processes) would be required. Our result suggests that a cost-effective direct three-dimensional nanostructure fabrication is possible by controlling the sidewall profile through the nanoscalloping effect. Figure 7 exhibits various nanopost structures with positively tapered sidewalls. While nanopost structures with a regular positive slope were already present in figure 5(f), figure 7 shows that different nanoscalloping effects can be imposed even on the same sidewall profile. Although in this study we exclusively demonstrated the control of the nanoscalloping effect and the corresponding sidewall profile by regulating the Etch B time, the three-dimensional variation of the sidewall profile with the nanoscalloping while keeping the sidewall slope unaffected was enabled by modulating the other etch parameters such as RF power, pressure, and gas mixture interactively. This result also supports that the wellprogrammed nanoscalloping effect in Bosch DRIE can be a simple and useful tool for three-dimensional nanostructure fabrication.
Positively tapered nanostructures
Sharp-tip nanostructures
As proposed in figure 3 , sharp-tip structures were conveniently achieved from the nanostructures with a positively tapered sidewall profile. Figures 8(a) and (b) show the sharp-tip nanopost structures of varying heights. For the tip sharpening, samples with a positively tapered smooth sidewall profile such as those shown in figure 7 (a) were thermally oxidized, and then the oxide was removed by a buffered oxide etch (BOE).
Although not shown in as much detail as that for nanoposts, the same control of the scalloping effect and sidewall profile could also be achieved with nanograte structures. Figures 8(c) and (d) show the sharp-tip nanograte structures of varying heights whose sidewall profiles were controlled to be smooth and positive. While the size (i.e., height or aspect ratio) of the sharp-tip nanostructures was initially determined in DRIE, it could also be modulated further in the timed oxidation. The cone angle of the sharp-tip nanostructures was also designable with the sidewall profile control in the DRIE step, while the subsequent thermal oxidation and BOE did not vary the cone angle significantly due to its isotropic processing characteristic. The tip apex radius of curvature of the sharp-tip nanostructures shown in figure 8 was less than 5 nm, regardless of the size and shape; all were measured by the image analysis of cross-sectional SEM images. The well-regulated sharptip nanostructures covering a large pattern area, especially needle-like nanopost structures, commonly are of interest in such electronic applications as field emitter structures. This simple but efficient method of sharp-tip nanofabrication will also facilitate the design and fabrication of high-aspect-ratio scanning probe tips.
Applications
Nanoengineered superhydrophobic surface for friction reduction in liquid flow.
Among the nonelectronic application possibilities opened up by densely populated nanostructures over a large sample area, the sharptip nanostructures enable the fabrication of nanopatterned superhydrophobic surfaces of good mechanical robustness and geometric regularity, compared with the micropatterned or irregularly patterned (e.g., chemically formed or polymerroughened) superhydrophobic surfaces that have so far been reported [24, 25] . Figures 9(a)-(c) show the wellregulated sharp-tip nanopost structures of varying heights. Although the tips are all sharp, after a hydrophobic coating with Teflon (∼10 nm thick), the relatively short nanopost structures of figure 9(a) do not show an enhanced hydrophobicity, confirming that a certain aspect ratio and density of the nanopost structures are required to exhibit superhydrophobicity [26, 27] . It should be noted that while the sharp-tip structures obtained by the so-called black silicon method ( figure 9(d) ) also have good mechanical robustness and have already demonstrated dramatic superhydrophobicity and application to the friction reduction in liquid flow [28, 29] , the size and the period of such structures are random and difficult to control.
The nanostructures with a regular and denser pitch achieved in this work not only allow one to study the effect of nanostructure geometries on the superhydrophobicity but also to make the flow applications more practical by tolerating highly pressurized flows without losing the superhydrophobicity [30] .
Three-dimensional nanotopography model for cell and tissue engineering.
The well-regulated nanotopographical properties of our nanostructures enable another possibility for exploration, which is cell biology. A cell in vivo lives in a three-dimensional nanoenvironment. It differs from focal and fibrillar adhesions characterized on two-dimensional substrates in vitro [31] . Although several cell behaviours over various surface topographies have been studied with micro-and nanostructured surfaces [32, 33] , there is relatively little information on the cell reactions to the nanostructured surfaces. The ability to control the surface topography, especially in the nanoscale, was very limited such that it was difficult to isolate the effect of three-dimensionality of [28, 29] . Note that the scale bar in (d) is in microns. Each inset shows the apparent contact angle of a water droplet after a hydrophobic coating of Teflon (∼10 nm thick) on each surface. Nanoposts with enough height (more than 200 nm) in (b) and (c) show extreme superhydrophobicity (a contact angle of 175
• -180 • ), while the short nanoposts (less than 100 nm) in (a) do not (a contact angle of 125
• -130 • ). As a reference, the contact angle on Teflon coated on a non-structured flat surface is ∼120
• . Although the random nanopost structures in (d), fabricated by the black silicon method, also show dramatic superhydrophobicity (a contact angle close to the sample of figure (c)), the superhydrophobicity will be lost under a pressurized liquid condition (e.g., >1 atm) due to the pattern's irregular microscale pitch [29, 30] . nanoscale surface features on cell adhesion. Figure 10 shows fibroblast cell interactions with our silicon nanostructures used as the three-dimensional nanotopography models. In the cell movement, distinct filopodia reactions to the nanotopographies were observed. While the sharp-tip nanopost structures worked as 'stepping stones' in the filopodia movement ( figure 10(a) ), the sharp-tip nanogrates functioned as 'guiding tracks' ( figure 10(b) ). More details on cell behaviours on the nanotopographies such as cell proliferation, morphology, and adhesions will be reported in separate papers. All considered, our well-defined nanostructure systems provide a unique opportunity, whereby the well-controlled surface structures in the nanoscale can elucidate many aspects of the nanobiology of the cell, including the effect of surface threedimensionality (i.e., three-dimensional nanotopography) on cell adhesion, whose understanding will further be utilized for cell and tissue engineering applications [34] .
Conclusion
In summary, our goal in this study was to develop a simple but useful method to fabricate dense silicon nanostructures with good regularity of pattern, size, and shape over a large sample area. We have demonstrated that DRIE together with interference lithography not only simplifies the nanofabrication process but also makes it possible to tailor the sidewall profiles of the nanostructures. The subsequent simple method of tip sharpening was also shown. Affordable surfaces with well-controlled nanostructures over a large area open new applications not only in electronics but also in the physical world through their unique properties originating from their nanoscale geometry.
